We present a novel method for characterizing orientation behavior of typical polyethylene (PE) materials such as HDPE, LLDPE, and LDPE. The chain orientation to the stretching direction was examined under uniaxial deformation by near infrared spectroscopy. Then we obtained directly the orientation function of PE chain axis (c-axis) from the CH stretching vibration of NIR spectra as a function of extension time or strain. We compared the present method with the conventional infrared IR method where the orientation function of PE c-axis (chain-axis) has been indirectly obtained from the b-and a-axis's assuming the orthogonal crystal form by using the CH 2 rocking vibrations in IR spectra.
Introduction
Rheo-optical techniques afford much information on optical quantities associated directly with structure and inter molecular interaction under tensile deformation and have been developed to examine the molecular basis of deformation behaviour [1] [2] [3] [4] [5] . In particular, the in-situ measurement of molecular orientation under tensile deformation is very useful to provide a structural insight into the deformation mechanism. Infrared (IR) spectroscopy is the most common spectroscopic technique to study the molecular orientation of crystalline polymers. However, a very thin film (about 100 μm or less) is necessary for the measurements. Therefore, the deformation behavior of the products and the thicker sheets, such as used in a usual tensile test, cannot be analyzed by IR spectroscopy.
Near-Infrared spectroscopy (NIR) has a possibility to analyze the deformation process or orientation behavior of thicker polymeric materials and plastic products. In the NIR region, the combination tone and the overtone generated by anharmonic molecular vibrations are observed. These absorbance peaks are weaker than that of the basic tone detected by IR. Thicker sheets (about 500 μm or more) are appropriate for the NIR measurements. However, the disadvantage in NIR spectra is that the overlapping of the overtone and the combination tone makes it difficult to assign the bands. In the previous paper, we succeeded the assignment of the NIR bands of polyethylene (PE) by monitoring the NIR band during heating to melt various PE samples based on computational and experimental data of normal alkanes [6] .
Norris et al [7] proposed the method of the bands assignment for NIR spectroscopy by statistical techniques. Barton [8] and Noda et al [9] [10] [11] also assigned the NIR bands from the correlation with IR bands using two-dimensional correlation spectroscopy. On the basis of these experimental as well as statistical techniques, the assignments of the NIR bands for various polymeric compounds have been studied. However, there are few reports on the structural change such as orientation and chain conformation of polymers by NIR spectroscopy [12] [13] [14] . Siesler et al showed that the rheo-optical technique due to NIR spectroscopy is applicable to thicker PET films using a quartz light-fiber [13] .
In this work, we simultaneously measured the NIR spectra and the tensile stress in order to examine the orientation behavior of thick PE sheets. The PE materials have been extensively studied materials from academic as well as practical points of view because of its structural simplicity and wide applicability. For comparison, the orientation behavior of thin PE films about under 100 μm under uniaxial deformations has been characterized from dichroic ratio of IR spectral bands. Although the CH 2 rocking vibrations in IR spectra of PE were used for characterizing the chain orientation of c-axis (chain-axis), the orientation function of c-axis is calculated from the orientation functions of b-and a-axes on the basis of the assumption that the PE has perfect crystalline structure with the orthogonal crystal form [13, 15] because the absorption band of CH stretching vibration is too strong to be analyzed in the IR spectra.
In the NIR region, the absorption band of the first overtone of CH stretching vibration can be analyzed. Therefore, the NIR spectroscopy allows us to the direct measurement of the orientation function of the main chain axis of PE. In this work, we can observe the CH expansion and contraction vibration for common moulded plastic by using NIR spectroscopy.
Results and discussion
The polarized NIR spectra in the 1650-1900 nm range for undrawn and drawn PE samples are shown in Fig.1 . Two main peaks at 1728 and 1764 nm arise from the first overtone of the CH 2 asymmetric and symmetric stretching vibrations of the main chain, respectively. The 1728 nm band is associated with CH 2 units within the crystal lattice and the 1764 nm peak has a high spectral intensity in the trans state. The absorption at 1750 nm is associated with the symmetric vibration of CH 3 and gauche conformation CH 2 groups of the main chain. The solid line denotes the spectrum acquired with radiation polarized parallel to the stretching direction and the dashed line denotes the spectrum acquired with radiation polarized perpendicular to the stretching direction in Fig.1 . The absorbance of the spectra acquired with radiation polarized parallel and perpendicular to the stretching direction is identical at undrawn state, indicating isotropy in the undrawn state. The drawn sheets drawn at 500 % showed a strong dichroic ratio and the absorbance of the spectrum polarized parallel to the stretching direction is much weaker than that of the spectrum polarized perpendicular to drawing direction. This result indicates that the main chain was oriented parallel to the drawing axis. This is because the bands at 1728 and 1764 nm correspond to the CH stretching vibration for PE that is in the perpendicular direction to the chain axis (or crystal axis). The noise for the spectra of drawn state is large in order of LDPE, LLDPE, and HDPE.
The strain dependences of stress and orientation functions calculated by the 1728nm band are shown in Fig. 2 . HDPE shows a distinct yield point appears as a maximum in the conventional stress-strain curves and is the onset point of temporary plastic deformation [16] . Beyond the yield point, a concave contraction suddenly initiates on the specimen and coalesces into a well-defined neck by around the second yield point; the boundary of the neck propagates under constant flow stress. The second yield point is the onset of the permanent plastic deformation [16] . It was found that the orientation function of c-axis is nearly zero before the second yield point, and drastically increased just after the neck formation above the strain of 1.3. After necking, the orientation function saturated asymptotically to about 0.7. For LLDPE and LDPE, the orientation function was about 0 up to the first yield point similar to HDPE and after first yield point, the orientation function is slightly increasing and saturated asymptotically to about 0.6 and 0.7 for LLDPE and LDPE, respectively. According to Onogi et al [17] , the deformation of elastic area in crystalline polymers with well-developed spherulite leads to the affine or pseudo affine deformation of spherulite. In the initial strain region, the affine deformation of the spherulites leads to orientation of the crystalline lamellae b-axis along the stretching direction, resulting in the c-axis orientation perpendicular to the stretching direction. The affine deformation from spherical to elliptical was confirmed by polarized light scattering and the crystalline lamellae in particular in the equatorial region of deformed spherulites rotate to the stretching direction [18] [19] [20] The mechanical yielding has been extensively studied from a structural point of view [20] . According to wide angle X-ray diffraction of HDPE under plain strain compression by Galeski et al. [21] , the crystalline lamellae rotate to the flow direction accompanied with the crystallographic slip within interlamellae and leads to the orientation of amorphous component. The fragmented and/or pinched-off lamellae are reorganized and assemble into new layers. Men et al. demonstrated that after slippage of the crystalline blocks at yield point, their fragmentation and recrystallization processes take place, depending on the interplay between the entanglement network of the amorphous phase and the stability of the crystalline blocks [22] .
Recently, Nitta and Takayanagi [23] proposed lamellar cluster model for explaining the yielding mechanism of PE and polypropylene (PP). According to NittaTakayanagi, the lamellar cluster unit (the several stacked lamellae) exists between spherulite and lamellae structure. After elastic area, spherulite breaks up to lamellae cluster. Then the lamellar clusters rotate to rearrangement for draw axis. For HDPE that have high crystallinity, the spherulite seems to be packed tight and the space for the rotation of lamellar clusters seems to be narrow. Therefore the orientation function fluctuated about 0 before second yield point. The drastic increase of orientation function after the second yield point infers the lamellar clusters slippage to the draw direction.
LLDPE and LDPE have low crystallinity. Therefore it seems to be that the space for lamellar clusters rotation is large and the rotation to rearrangement for draw axis is accrued smooth. Then, the orientation function increased earlier than that of HDPE.
In IR region, the absorption band of CH stretching vibration is very strong, therefore the orientation function of PE is not obtained indirectly. The orientation function of PE has been determined using the bands of 13889 nm (720 cm -1 ) and 13699 nm (730 cm -1 ). Krimn et al [24] assigned rocking vibration to the absorbance peaks of 13889 nm (720 cm -1 ) and 13699 nm (730 cm -1 ). Stein et al [15] reported that the peak of 13699 nm (730cm -1 ) is a crystalline band in orthorhombic crystal about n-paraffin, the electric vector of the band is parallel to the crystallographic a axis. Then the following equation is given between orientation functions of the direction of crystallographic a axis F a and the dichroic ratio ) is contributed by both crystal and amorphous phases. The electric vector of this band is parallel to the crystallographic a axis in the orthorhombic crystal about n-paraffin. Snyder [25] have concluded that the amorphous phase has four consecutive trans unit or more, and it has a perpendicular transition moment to the main chain axis. Assume that the bend of 13889 nm (720 cm The both orientation functions were determined by the following equations Here, we compared the orientation function conventionally determined by the IR spectra with that directly determined from NIR spectroscopy.
The orientation function F a , F b and F c were obtained by the bands of 13889 nm (720 cm -1 ) and 13699 nm (730 cm -1 ). The thickness of film specimens used in this measurement was about 30 μm. Fig. 3 shows the orientation functions of a, b and c-axis estimated from dichroic ratio of IR spectra and the stress-strain curves simultaneously measured with IR spectra. The noise of the stress values is caused by the experimental errors due to the thinner films. It is noted here that the overall stress levels of stress-strain curves in Figs.3 are slightly lower than those of stress-strain curves in Figs. 2. This is due to the lower crystallinity of the films for IR.
The orientation function value for crystalline c-axis of HDPE, LLDPE and LDPE measured by IR is similar to that of NIR after neck region are shown in Fig.3 . The orientation function of c-axis of HDPE drastically increased at the second yield point or the onset of neck. After necking, the orientation function rapidly increases and is saturated to 0.7. This behavior is identical with the behavior obtained by NIR. On the other hand, the orientation function F a keeps rising gradually with beginning of stretching in LLDPE and LDPE although the orientation function before first yield point obtained by NIR remains to around zero. This result of IR measurement is different from the result obtained by NIR. It is interesting to note that there is no difference between orientation behaviours of HDPE resulting from IR and NIR dichroic ratios in spite of the fact that the crystallinity of the HDPE film for IR is lower than that of the HDPE sheet for NIR. Therefore, the difference between NIR and IR measurements in the orientation behavior of LLDPE and LDPE is caused not by the differences in their crystallinities but by the assumption that LDPE and LLDPE is the perfect crystalline materials showing orthorhombic crystal form. This assumption implies that the data obtained by FTIR is not quantitative but qualitative in particular for lower crystalline PE materials such as LLDPE and LDPE. On the other hand, the data obtained by NIR is expected to provide us the qualitative information of orientation behaviour of c-axis of PE chains.
The difference between IR and NIR is due to that fact that the orientation function for IR region was calculated on the assumption that the band of 13889 nm (720 cm -1 ) is ascribed to orthorhombic crystal. The band of 13889 nm (720 cm -1 ) is assigned to both crystal and amorphous phases. LLDPE and LDPE have low crystallinity so that the values of the orientation function obtained by conventional IR method may be overestimated.
Conclusions
In this work, we showed that the molecular orientation data of thicker PE sheets can be characterized by the dichroic ratio of NIR spectra. This makes it possible to estimate the molecular orientation state in bulk PE materials and products. The following conclusions have been reached in the present study.
(1) The orientation function of HDPE obtained by NIR remains at round 0 before second yield point, and drastically increased at second yield point or neck initiation point. On the other hand, the orientation function of LLDPE and LDPE remains about 0 before first yield point. It is implied that the destruction spherulite and the rearrangement of lamellar clusters for draw axis take long for HDPE because of their high crystallinity. For HDPE, the spherulite seems to be packed tight and the space for the rotation of lamellar clusters seems to be narrow. Therefore the orientation function fluctuated before second yield point. In contrast, it seems to be that the space for rotation is large for LLDPE and LDPE, because of their low crystallinity. Then the rotation of lamellar clusters seems to be accrued smooth. As a result, the orientation function increases earlier than that of HDPE.
(2) In comparing the orientation function by NIR and the orientation function by IR, the orientation function by NIR is similar to that by IR for HDPE. On the other hands, for LLDPE and LDPE, the orientation function by NIR and IR has different shape before first yield point. The orientation function keeps rising gradually with beginning of drawing in LLDPE and LDPE by IR. It is thought that this occurred because the orientation function for IR region was calculated on the assumption that the band of 13889 nm (720 cm ) is assigned to crystal and amorphous. LLDPE and LDPE have low crystallinity and high amorphous region. Therefore, the orientation functions of lower crystalline PE samples may be overestimated by conventional IR measurements.
Experimental part

Materials
In this work, high density polyethylene (HDPE), linear low density polyethylene (LLDPE) and low density polyethylene (LDPE) were used. These typical PE samples were supplied from TOSOH Corp. The molecular characteristics of all the samples are given in Table 1 .
These PE pellets were melt pressed in a laboratory hot press at 210 ºC and at 10 MPa for 10 min. Then, these sample specimens were quenched at 0 ºC. The thickness of the compression molded samples was adjusted to 500 μm for NIR measurements and 30 μm for IR measurements.
Characterization
Crystallinity in volume fraction of these samples was calculated from a relationship with contents 1003 and 852 kg/m 3 for the density of the crystalline and amorphous region, respectively [26] . The density was measured by the Archimedes method using a Mettler electrobalance XS205, with ethanol as a solvent. It was impossible to precisely determine the density of the films for IR measurements due to its thin thickness. The crystallinity in weight fraction of these films were determined by differential scanning calorimetry (DSC). DSC measurements were carried out using Perkin Elmer Diamond DSC to obtain the melting point and heat of fusion of the films for IR as well as the sheets for NIR. The crystallinity in weight fraction was determined by the fusion enthalpy data where the equilibrium fusion enthalpy of PE was taken to 277.1 kJ/kg [27] .
Structural characteristics of the sample specimens are summarized in Table 2 
Rheo-optical measurement
The experimental setup used in this study is shown in Fig.4 . NIR spectra of samples were monitored under a uniaxialy extension and NIR spectra and stress-strain curve were simultaneously measured.
The xenon short arc lamps (USHIO Inc. UXL-300D-O), the InGaAs PIN photodiode (Hamamatsu photonics K.K. G8371-03) and the monochromator (JASCO Co. CT-10) was used for measurement of NIR spectra as the light source, detector and monochromator, respectively.
The digital oscilloscope (Lecroy Co. Model 9310L) was used for taking the spectral data. The spectral data from the oscilloscope and the monochromator were controlled by using the software Igor4.0 (WaveMetrics Inc.). The GP-IB board (CONTEC Co.,Ltd. GP-IB(PCI)F) was used for the communication among the oscilloscope, the monochromator, and the computer. The tensile tester was specially designed for upper and lower clamps to symmetrically move from the central point of the film. The beam spot remains at the initial position during a whole stretching.
The specimen square notched 2 mm in length and 4 mm in width was used for the measurements, and the crosshead speed was fixed to be 1 mm/min. The gauge length of the specimen was 4 mm. The slit size of monochromater was 4 mm in length and 0.05 mm in width. Spectra were measured at a sweep-rate of 600 nm/min. The NIR spectra were recorded in the range from 1650 to 1900 nm where the absorption band of the first overtone of CH stretching vibration can be detected.
The transmitted light after the sample was split by the beam splitter and passed polarizer that polarized 0 and 90 degree from the drawing direction. Then, the dichroic ratio was calculated from the absorption of 0 and 90 degree spectrum and the orientation function under drawing process was estimated from the dichroic ratio.
Fig. 4.
The experimental setup for measurement of NIR dichroic ratio.
For comparison, infrared dichroism was also measured simultaneously with tensile deformation. The tensile tester and a polarizer were set in FT-IR spectrometer (ORIEL INSTRUMENTS Inc. MIR8000) in such a way to allow infrared beam thorough a film specimen mounted on the tensile tester. Then the polarizer was rotated parallel and perpendicular to the draw axis and the spectra were measured. The specimen square notched 2 mm in length and 4 mm in width was used for the measurements, and the crosshead speed was fixed to be 1 mm/min. The gauge length of the specimen was 4 mm. The wavelength resolution was 2 cm -1 and the diameter of beam spot was 2 mm.
Analytical method
Infrared absorption is associated with vibration from which a dipole moment changes among standard vibration of two atoms. Assuming the transition dipole moment tilt to angle β there from the direction of the molecular chain axis, and this molecular chain tilt to angle θ from the stretching direction, the orientation function of the molecule chain can be calculated by the following equation from the dichroic ratio D = A ⊥ /A // measured by incident infrared rays having parallel and perpendicular electric vector. In this study, we used the absorption band 1728 nm that assigned to the first overtone of CH stretching vibration of crystal [6] . The direction of the transition moment of the CH stretching vibration for PE is perpendicular to the chain axis (or crystal axis), then c become -2.
